Neutrophil migration and respiratory burst are the prerequisite for efficient first line defense against invading microorganisms. However, migration and respiratory burst can be compromised in adults and especially in newborn infants, where sustained neutrophil accumulation, uncontrolled burst and reduced scavenging of ROS might cause inadvertent tissue damage due to uncontrolled inflammation. The aim of this study was to investigate the modulatory effect of the chemoattractants formyl-methionyl-leucyl-phenylalanine (fMLP) and IL-8 on respiratory burst in neutrophils from term newborn infants and adults. Whole blood from the umbilical cord of 17 healthy term newborn infants delivered by caesarean section and from 17 healthy adults as reference was preincubated with fMLP or IL-8 and stimulated with PMA or Escherichia coli bacteria. Respiratory burst was quantified by flow cytometry analysis of dihydrorhodamine 123 fluorescence. fMLP reduced the PMA-induced respiratory burst of neutrophils from newborn infants and adults by 12% and 21%, respectively (P < 0.05). E. coli-induced burst was also reduced by fMLP in neutrophils from newborn infants (10%; P < 0.01) and adults (6%; P < 0.05). No such changes were observed with IL-8. Similar respiratory burst in response to single stimulus with PMA or E. coli was observed in both newborn infants and adults. fMLP reduced PMA-and E. coli-induced respiratory burst of neutrophils in whole blood from term newborn infants as well as in adults. The reduced respiratory burst by fMLP might be a mechanism to reduce the detrimental effects of uncontrolled inflammation during neutrophil migration.
Introduction
Neutrophils of the innate immune system are the first line of defense against invading microorganisms, an activity that comprises the finely tuned balance between migration and respiratory burst by the NADPH oxidase system. As neutrophils move through the tissue to the site of the invading microorganisms in response to chemotactic agents, the oxidative state of the neutrophils changes from resting to primed and to activated when they reach the end target [1] . The dual capacity of migration and respiratory burst can be compromised in term and especially preterm newborn infants in whom sustained neutrophil accumulation, uncontrolled burst and reduced scavenging of ROS might be present causing organ injuries such as bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP) and white matter brain injury [2] [3] [4] [5] .
Neutrophil migration and respiratory burst have been studied with respect to priming, in which preincubation with proinflammatory agents such as IL-8, TNF, lipopolysaccharide (LPS), interferon (IFN) and granulocyte/granulocyte-macrophage colony stimulating factor (G/ GM-CSF), followed by the stimulation with the chemotactic agent fMLP results in increased production of ROS [6] [7] [8] . The chemotactic agent fMLP is produced by bacteria, such as Escherichia coli and Staphylococcus aureus [9] , and strongly stimulates neutrophil chemotactic responses [10, 11] . However, less attention has been paid to fMLP as a primary neutrophil stimulator, especially in newborn infants where the defense might be immature at the site of infection and increase the dispersion of fMLP. Another chemotactic factor, the cytokine IL-8, produced by local inflammatory cells during immune and inflammatory responses to pathogens, affects neutrophil respiratory burst and migration [12] . IL-8 has been implicated as an early marker for newborn preterm infants at risk of developing BPD, a lung disease where perinatal infection or/and inflammation and preterm delivery in combination with exposure to high oxygen levels and prolonged ventilation causes inflammation of the lung and consequently deranged lung development [13] .
The aim of this study was to examine the responsiveness of respiratory burst in neutrophils of newborn infants and adults, with the chemoattractants fMLP and IL-8 as priming agents. The hypothesis was that neutrophils from newborn infants have a less mature response to chemotactic agents and respiratory burst stimuli than adults, which might result in tissue damage before reaching the end target due to uncontrolled inflammation. Formation of intracellular ROS was monitored by flow cytometry, with the addition and oxidation of dihydrorhodamine (DHR) 123 a fluorogenic substrate. PMA was used as a soluble and intracellular stimulus and E. coli as particulate stimulus for the production of ROS. This is one of the first studies on the effect of the chemoattractants fMLP and IL-8 as modulatory agents on respiratory burst induced by PMA and E. coli in neutrophils from newborn infants and adults.
Materials and methods
Subjects and blood analyses. Blood was collected from the placental side of the umbilical cord from 17 healthy, term infants immediately after elective caesarean section was performed with spinal anaesthesia. The infants (n = 17) were born at 38-39 weeks gestational age, weighed between 2,800 and 4,500 g and had a mean Apgar score of 8 at 1 min of age, 10 at 5 min and 10 at 10 min. Peripheral blood was collected from healthy adults (n = 17) aged between 18 and 65 years old. All blood samples (from newborn infants and adults) were collected in Sodium Heparin Tubes (Vacuette, Hettich Labinstrument AB, Sollentuna, Sweden). In all experiments, whole blood was analysed to minimize neutrophil activation by cell separation [6, 14] .
Reagents. fMLP (Sigma-Aldrich St Louis, MO, USA) and IL-8 (Sigma-Aldrich) were diluted in a buffer consisting of 53% RPMI 1640 (Gibco by Life Technologies, Carlsbad, CA, USA), 13% HyClone defined FBS (Nordic Biolabs, T€ aby, Sweden) and sodium bicarbonate (Sigma-Aldrich) mixed with 33% HBSS (Gibco by Life Technologies).
Respiratory burst assay. The Phagoburst TM Glycotope assay kit was purchased from Glycotope Biotechnology (GmbH, Heidelberg, Germany). PMA was diluted to 8.1 lmol/l in Wash solution, and the dihydrorhodamine 123 fluorogenic substrate (DHR-123; Glycotope Biotechnology) was prepared according to the manufacturer's instructions. The assay was performed according to the principles outlined in the manufacturer's instructions. In short, whole blood was preincubated for 15 min with either fMLP, IL-8 or HBSS/RPMI buffer and put on ice.
Then, 50 ll of the preincubated blood was added to each tube with 10 ll PMA (duplicate), 10 ll E. coli (duplicate) or 10 ll Wash solution (negative control). The final concentration of PMA was 1.35 lM PMA and of E. coli 2.5 9 10 8 /ml. The tubes were incubated in a water bath at 37°C for 10 min. The substrate (10 ll; DHR 123) was added to each tube and then incubated for an additional 10 min. The reaction was terminated by the addition of preheated haemolysing solution: 1 ml in newborn infants and 750 ll in adults. The tubes were incubated at room temperature for 30 min and then centrifuged for 5 min at 240 9 g and 4°C, after which the supernatants were discarded. The cells were washed twice with 1,000 ll Wash solution, and finally, 500 ll of Wash solution was added. To assure reduced substrate activity did not affect performance, the cells were kept in the dark on ice until analysis by flow cytometry, which was within 45 min. All experiments were completed within 5 h of obtaining the blood samples, to assure durability and validity.
Dose response. To study the modulation of burst induced by preincubation with fMLP and IL-8, respectively, heparinized blood was preincubated with fMLP and IL-8 at concentrations between 1 9 10 À5 and 1 9 10
followed by analysis of respiratory burst induced by E. coli or PMA as described above. Testing 15-30 min of preincubation revealed that the optimal time was 15 min. Dose-response curves for PMA defined the maximal respiratory burst to be induced by 1.35 lM for PMA, as in the instructions from the manufacturer (Phagoburst TM , Glycotope Biotechnology, Heidelberg, Germany). Dose responses of granulocytes preincubated with a fixed concentration of fMLP (0.01 lM) and subsequently activated by increasing PMA concentrations (0.0135, 0.135 and 1.35 lM) were also tested. The optimal concentration of E. coli was 2.5 9 10 8 bacteria/ml, in accordance with the manufacturer's recommendation.
We also confirmed the weak burst response of granulocytes to fMLP compared to that of PMA and E. coli, by measuring burst response to 0.01, 0.1 and 1.0 lM fMLP, separately and according to the manufacturer's instructions. The relative number (%) of positive neutrophils was defined as neutrophils having a fluorescence higher than that of nonstimulated neutrophils. The amounts of positive neutrophils were 2 AE 0.5%, 3 AE 1.6% and 11 AE 9.5%, respectively, compared with the negative control of 1.0 AE 0.1%, and the MFI of the positive neutrophils was 0.69 AE 0.14, 0.55 AE 0.10 and 0.76 AE 0.11, respectively, compared to the negative control of 0.99 AE 0.16.
Preincubation with fMLP and IL-8. Heparinized whole blood, 500 ll, was mixed with 5 ll fMLP, 5 ll IL-8 or 5 ll negative control (53% RPMI 1640, 13% HyClone defined FBS and sodium bicarbonate mixed with 33% HBSS). The final concentration of both fMLP and IL-8 was 0.01 lM. Testing 15-30 min of pre-incubation revealed that the optimal time was 15 min. After pre-incubation for 15 min at 37°C, the samples were put on ice and placed in the dark for 10 min.
Flow cytometry. Flow cytometry analysis was performed with the flow cytometer EPICS-XL (Beckman Coulter, Bromma, Sweden). Granulocytes were identified from their forward and side scatter dot plot profiles. A gate was set around the granulocyte population, and the formation of ROS was measured as median fluorescence at 525 nm. A minimum of 2000 events in the granulocyte gate was analysed. Median fluorescence intensity (MFI) was analysed in all comparisons except for analysing mean fluorescence intensity when comparing the effect of preincubation with fMLP induced by different concentrations of PMA. In all experiments with fixed concentrations of PMA and E. coli, and after preincubation with increasing concentrations of fMLP or IL-8, ROS was detected in >97% of the neutrophils, with no hypo-or hyper-responsive subpopulations.
Statistical analyses. All statistical tests were two-sided and analysed with IBM SPSS Statistics 20. All results for detecting differences between control, preincubation and stimulation were analysed by related-samples Wilcoxon signed-rank test and independent samples Mann-Whitney U-test was used to detect differences between newborn infants and adults. A P-value ≤0.05 was considered significant.
Ethical approval. The study was approved 12/17/03 by the Central Ethical Review Board (registration number Ups 03-692) at Uppsala University, Uppsala, Sweden. The study was performed according to the Declaration of Helsinki. Written informed consent was obtained from the parents of all newborn infants as well as from the adults, before recruitment.
Results

Neutrophil respiratory burst
Stimulation by PMA induced a markedly increased neutrophil respiratory burst (P < 0.01) compared with negative controls both in newborn infants (median 14.1 versus 1.3) and adults (median 21.3 versus 1.0). Activation by E. coli also induced an increased respiratory burst (P < 0.01) in both newborn infants (median 8.3 versus 1.3) and adults (median 8.3 versus 1.0). PMA generated a higher neutrophil respiratory burst than E. coli, both in newborn infants and in adults (P < 0.05). In general, stimulation with PMA or E. coli only displayed similar levels of burst in neutrophils from newborn infants and adults (Table 1 ; Fig. 1 ).
Dose response
To define a possible concentration-dependent modulation of respiratory burst by fMLP and IL-8 activated by PMA or E. coli in neutrophils from adults, dose-response curves with varying concentrations of fMLP and IL-8 were generated. With increase in concentrations of fMLP, there was a gradual decrease in respiratory burst induced by PMA or E. coli ( Fig. 2A, B) . The highest reduction with fMLP in response to PMA or E. coli was observed at a concentration of 0.01 lM fMLP ( Fig. 2A, B) . Preincubation with fMLP at the concentration of 0.01 lM reduced respiratory burst of neutrophils from one adult activated by PMA at concentrations of 0.135 and 1.35 lM (Fig. 3) . At PMA concentrations of 1.35 and 0.135 lM, >97% of the neutrophils were positive, whereas at PMA of 0.0135 lM, only 33% were positive (Fig. 3) . No modulation of respiratory burst induced by PMA or E. coli could be detected with increase in concentrations of IL-8 (data not shown).
Burst after preincubation with fMLP and IL-8
In neutrophils from newborn infants, fMLP reduced burst in response to PMA by 12% compared to single stimulus with PMA (median 14.1 versus 12.3, P < 0.05, Fig. 4A,  B) . In adults, fMLP reduced neutrophil respiratory burst in response to PMA by 21% (median = 21.3 versus 16.8, Significant differences between D(PMA À (fMLP + PMA)) and PMA in newborn infants and adults.
c,d
Significant differences between D(E. coli À (fMLP + E. coli)) and E. coli in newborn infants and adults. Fig. 4A ). Preincubation with fMLP reduced neutrophil respiratory burst in response to E. coli by 10% in newborn infants compared to single stimulus with E. coli (median 8.3 versus 7.5, P < 0.01, Fig. 5A, B) . Neutrophils from adults demonstrated the same pattern of reduced burst (6%) in response to E. coli when primed with fMLP (median 8.3 versus 7.8, P < 0.05, Fig. 5A ). Preincubation with IL-8 did not modify burst in neutrophils in response to either PMA or E. coli, neither in newborn infants nor in adults (Table 1) . Newborn infants and adults displayed a reduction of the same magnitude (D) in PMAand E. coli-induced respiratory burst after preincubation with fMLP (Table 1) . ROS was detected in all neutrophils studied in response to PMA and E. coli, and after preincubation with fMLP or IL-8, no hypo-or hyperresponsive subpopulations were detected. In all experiments with fixed concentrations of PMA and E. coli, and after preincubation with different concentrations of fMLP or IL-8, ROS was detected in >97% of the neutrophils with no hypo-or hyper-responsive subpopulations.
Discussion
The chemotactic factor fMLP reduced the PMA-or E. coliinduced respiratory burst in neutrophils from both newborn infants and adults (Figs. 2-5 ). These results are in congruence with our previous studies where fMLP induced the same neutrophil chemotactic response and receptor expression changes mediating adhesion, migration, granule activation and phagocytosis, in both neonates and adults [15, 16] , indicating that neutrophil response to bacterial # # ns Figure 1 Respiratory burst of neutrophils from newborn infants and adults, activated by PMA or E. coli. Respiratory burst activated by 1.35 lM PMA (n = 10) or E. coli (2.5 9 10 8 /ml; n = 10). Results are presented as median fluorescence intensity. The median (line within the box), 25th percentile (lower limit of the box), 75th percentile (upper limit of the box), 10th and 90th percentiles (whiskers) are represented. NS; nonsignificant. # P < 0.05 PMA compared with E. coli. **P < 0.01 PMA or E. coli compared with negative control. Statistics were performed with related-samples Wilcoxon signed-rank test. DHR 123; dihydrorhodamine 123. N-formyl peptides is as developed in neonates as in adults. The dose-response curves for the reduction in fMLP indicate that the respiratory burst of neutrophils is responsive to increased concentrations of chemotactic stimuli. Previous studies of competitive migration and priming with different proinflammatory agents reveal that neutrophils possess memory for different chemotactic agents and an increased respiratory burst activity to the chemoattractant fMLP after priming with proinflammatory agent such as TNFa [12, 17, 18] . The effect of end target (fMLP) chemotactic gradients on PMA-or E. coli-induced respiratory burst in neutrophils from newborn infants has not been previously investigated. fMLP is a strong chemotactic peptide, produced and released by bacteria during bacterial infection; this initiates Figure 4 (A, B) The influence of preincubation with fMLP on neutrophil respiratory burst in response to PMA in newborn infants and adults. Preincubation with fMLP (0.01 lM) on neutrophil respiratory burst in response to PMA (1.35 lM) was compared with respiratory burst induced by PMA only, in newborn infants (n = 10, A, B) and adults (n = 10, A). Results are presented as median fluorescence intensity (MFI). The reductions of respiratory burst (MFI) are presented with median (bold line within the box in A and bold line in B), 25th percentile (lower limit of the box), 75th percentile (upper limit of the box), 10th and 90th percentiles (whiskers) are represented (A). In all but two cases, there was a reduction in MFI (B). Significant differences between the response to PMA alone and the combination of fMLP and PMA in newborn infants and adults are presented as P-values (independent samples Mann-Whitney Utest; A). NS; non-significant. # Significant difference between the response to PMA alone and the combination of fMLP and PMA in newborn infants ( # P < 0.05; related-samples Wilcoxon signed-rank test; B). DHR 123; dihydrorhodamine 123. P < 0.01 P < 0.05 ns A B Figure 5 (A, B) The influence of preincubation with fMLP on neutrophil respiratory burst in response to E. coli in newborn infants and adults. Preincubation with fMLP (0.01 lM) on neutrophil respiratory burst in response to E. coli bacteria (1-2 9 10 7 ), compared with respiratory burst induced by E. coli only, in newborn infants (n = 10, A, B) and adults (n = 10, A). Results are presented as median fluorescence intensity (MFI). The reductions in respiratory burst (MFI) are presented with median (bold line within the box in A and bold line in B), 25th percentile (lower limit of the box), 75th percentile (upper limit of the box), 10th and 90th percentiles (whiskers) are represented (A). In all but one individual, there was a reduction (B). Significant differences between the response to E. coli alone and the combination of fMLP and E. coli in newborn infants and adults are indicated with P-values (independent samples Mann-Whitney U-test; A). NS; non-significant. **Significant difference between the response to E. coli alone and the combination of fMLP and E. coli in newborn infants (**P < 0.01; related-samples Wilcoxon signed-rank test; B). One newborn infant with high MFI is depicted within brackets in B ............................................................................................................................................................... the migration of neutrophils to the site of bacterial invasion and their subsequent elimination [9] . Under certain conditions after priming with other proinflammatory agents, such as TNF, GM-CSF and IL-8, subsequent stimulation with fMLP might induce increased ROS in neutrophils [6, 14] . However, in this study, single stimulus with fMLP induced low production of ROS ( Fig. 2A, B) .
No modification of burst in response to PMA or E. coli was observed after preincubation with IL-8 (either in newborn infants or in adults), in contrast to fMLP. This could be due to the fact that the bacterial peptide fMLP is a stronger migratory factor than IL-8, which is produced by macrophages, epithelial and endothelial cells and that fMLP might give priority to migration instead of respiratory burst under certain conditions during inflammation [12, 17] . Even though IL-8R (IL-8R1, IL-8R2) and the formyl peptide receptors (FPR1, FPR2) belong to the same G protein-coupled receptor family (GPCR), they stimulate different intracellular pathways that can affect the cell metabolism, gene expression, respiratory burst or chemotaxis [19, 20] .
Subthreshold concentrations of the activator PMA were tested in adults, together with fMLP, and there was still a reduction in respiratory burst, despite a lower concentration of PMA (Fig. 3) . Desensitization is a cellular adaptation process characterized by the absence of response regardless of the presence of agonist-occupied receptors and continued homologous stimulation [21] , and might thus be important for the termination of fMLP-induced neutrophil NADPHoxidase activity [22, 23] . The present study describes a dosedependent reduction by fMLP of the respiratory burst induced by PMA or E. coli ( Fig. 2A, B) , that is heterologous stimulation, which is not in accordance with the concept of desensitization. The mechanism behind heterologous stimulation and reduction of burst should be elucidated.
The present study reveals that the partial and dosedependent reduction of ROS in neutrophils by fMLP is modulatory and not completely inhibitory in character (Figs. 2, 4 and 5) . A complete inhibition of ROS could be detrimental because it could eliminate the killing capacity of neutrophils. In agreement with other studies [24, 25] , neutrophils from newborn infants displayed similar production of ROS in response to PMA or E. coli as adults (Fig. 1) . Furthermore, the reduction in production of ROS induced by fMLP was of approximately the same magnitude in newborn infants as in adults (Figs. 4A and 5A ). The ability of neutrophil migration and production of ROS might be further compromised in preterm newborn infants, where sustained neutrophil accumulation, unregulated burst and reduced scavenging of ROS might cause multiple organ injuries [2] [3] [4] [5] .
Whole blood was used in this study to simulate the in vivo situation of respiratory burst and to prevent inducing neutrophil activation during the isolation procedures, as has occurred in other studies [14, 18, 26] . Neutrophils from healthy term newborn infants delivered by caesarean section were studied in order to reduce the modulation of immune cells due to foetal stress during vaginal delivery [26, 27] . Respiratory burst in response to fMLP is the same in newborn infants born through both vaginal delivery and caesarean section, but the ability to produce ROS in response to E. coli increases in newborn infants after vaginal delivery, compared with newborn infants delivered by caesarean section [24] . IL-8 is induced during vaginal and assisted delivery, but not during caesarean section [27] , a factor we wanted to eliminate, as the aim was to study the effect of fMLP and IL-8 on resting neutrophils.
The DHR123 flow cytometric assay was used to detect intracellular production of ROS in our study, which is a sensitive and generally applied technique to detect changes in oxidative response of activated neutrophils, also in comparison with chemiluminescence and spectrophotometric assays [28] . The focus of our study was not to investigate the kinetics of respiratory burst, so further studies are needed to investigate the underlying mechanisms, as well as defining the specific steps in respiratory burst that are involved.
It is still unclear at what stage neutrophils are exposed to various cytokines in vivo, and therefore, cautiousness is needed when interpreting the sequential design of in vitro experiments.
The chemotactic agent fMLP reduces PMA-and E. coliinduced production of ROS in neutrophils from newborn infants and adults. As there was no difference in the fMLPreduced burst between newborn infants and adults, the findings indicate a similar modulation of respiratory burst by chemotactic stimuli within the two groups. We speculate that this ROS-modulating mechanism could delimit the detrimental effects of uncontrolled inflammation, but further studies will be needed to elucidate its clinical application.
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